Abstract T-junction pipes are frequently used in industrial facilities to split one flow into two flows or to merge two flows into one flow. In the counter-flow type of confluence in this type of pipe, separated vortex flow regions are formed near the junction corners and these regions cause a large flow resistance. The corners of a T-junction pipe are generally made round to avoid flow separation and to reduce the flow resistance or loss, but this method requires a junction corner removal process. In this study, we mount small weir-shaped obstacles on the walls of pipes upstream of the junction corner to reduce the loss. We examine the effect of the flow rate ratio on the loss and clarify the obstacle height and position conditions that reduce the loss for a wide range of flow rate ratio.
Introduction

Received 2 April 2014
T-junction pipes are frequently used to distribute one flow into two flows or to merge two flows into one flow in many industrial facilities. A flow model of the counter-flow type confluence in this type of pipe is shown in Fig. 1 . Two flows -from pipe 1 (left pipe) and pipe 2 (right pipe) -collide at the junction center and merge into one flow, which then changes direction and flows downward through pipe 3 (vertical pipe). Separated flows formed at the corners make vortex or low-speed regions near the junction corners, and these regions reduce the effective cross sectional area of pipe 3 and cause a large flow resistance. The flow characteristics and heat convection characteristics have been investigated by some researchers such as Asano et al. (Asano et al., 2005) , Hibara et al. (Hibara et al., 2004) , (Hibara et al., 2005) , Nakayama et al. (Nakayama et al., 2006) , and Ito et al. (Ito et al., 2005) .
The corners of a T-junction pipe are generally made round to avoid flow separation and to reduce the flow resistance or loss, but this method requires a junction corner removal process, which reduces the thickness of the pipe wall. A simple method of mounting small obstacle to reduce the loss of pipes or ducts having abrupt changes in cross-sectional areas has Effects of flow rate ratio on loss reduction of -junction pipe been studied by Mochizuki et al. (Mochizuki et al., 2003) and Ando et al. (Ando et al., 1999) - (Ando et al., 2009 ).
In an earlier study, we newly proposed a simple method to reduce the loss of a T-junction of the counter flow type by using a weir-shaped small obstacle for each wall of pipe 1 and pipe 2 (Ando et al., 2011) [ Fig. 1(b) ]. The obstacles make the separated flow change direction and flow along the wall of the downstream pipe. In the present study, we examined the effect of the flow rate ratio on the loss and flow pattern and clarified the height and position conditions that reduce the loss for a wide range of flow rate ratio. 
Nomenclature
pressure loss factor of T-junction [Eq. (7)] ζ i3 : pressure loss factor between pipes i and 3 [i = 1, 2; Eq. (6)] λ i : friction factor of fully developed region of pipe i (i = 1, 2, 3) ν : kinematic viscosity ρ : density 3. Experimental setup and procedure
Experimental setup
In the present study, we observed the visualized flow patterns and measured the pressure distribution in the pipe's axial directions to examine the effects of the flow rate ratio of the confluence and the mounting of small obstacles on the flow pattern and the loss.
The experimental setup is outlined in Fig. 2 . The water in the reservoir (1) was introduced into the test section (6) by the pump (2) passing through valves (4) and flow meters (5). The test section was made of acrylic resin and consists of circular pipes of diameter D = 0.030 [m] . Each of the inlets of the test section has a straightener and a straight section of length 53D from the junction center. After passing through the test section, the water flowed back into reservoir tank. The water temperature was monitored, and the water flow rates in pipes 1 and 2 were controlled by using valves to maintain the Reynolds number. The water of the redundant flow rate was returned to the reservoir via a bypass (4). The test section was set horizontally. It had many pressure taps at the pipe's central height in the region between the position 28D upstream and 50D downstream of the junction center. All the pressure holes have the same diameter of 0.6 mm. The pressure was measured with a reversed U-shaped manometer (7). A light sheet from a laser oscillator, Spectra-Physics Stabilite 2017 (Ar, 2 W) (8) and its optics (9) were used to visualize the flow patterns. The flow pattern on the plane at the center height [x-y plane; Fig. 2 (a) ] visualized with the laser light sheet was recorded with a digital video camera, Photron FASTCAM-1024PCI model 100K (10).
Measurement of pressure
In order to examine the pressure distribution in the pipe's axial directions, many pressure taps along the lines of the center height on the pipe walls were set. For pressure measurement, two kinds of T-junction part for the case without and with obstacles were used. In the former case, the T-junction part was made of three pipes of acrylic resin. In the latter case, it was the T-junction part shown as Fig. 3 (a) . The spacer flanges and flanges with built-in obstacles were changed in order to change the height and position of the small obstacles. The pressures on the pipe walls at the center height were measured relative to p 0 upstream of the junction in pipe 1, for example at y/D = −27.8 in the case without small obstacles. A reverse U-shaped manometer with one side connected to the pressure tap at that position was used. The pressure was measured in the regions −27.8 ≤ y/D ≤ 27.8 and x/D ≤ 52.9. Since the flow rate was changed in order to maintain a constant Reynolds number, the measured pressure was non-dimensionalized by using the flow rate, which was measured at the same time. The pressure distributions in the regions 11.5 ≤ |y/D| ≤ 27.8 (pipes 1 and 2) and 30.5 ≤ |x/D| ≤ 52.9 (pipe 3) were assumed to be linear and were used to derive the loss factor ζ. The errors in the pressure gradients in these regions with respect to the value obtained from Brasius' equation Eq. (2) are within about 10%, except for pipe 2 in the case of a high flow rate ratio.
Flow visualization
The T-junction part for flow visualization was formed by boring two orthogonally oriented holes through the transparent acrylic resin, as shown in Fig. 3(b) . As the outer pipe walls were flat, the images of the visualized flow patterns are less distorted than they would be if the outer pipe wall were round. Two types of T-junctions were made: one without obstacles and the other having slits in order to insert the small obstacles L/D = 0.47. The flow patterns of the water, in which particles of ion exchange resin (Diaion HP20; 0.25 mm mean diameter, 1.01 specific gravity) as a tracer were mixed, on the plane at the center height of the pipes were visualized with a laser light sheet. They were recorded using a digital video camera at 2000 fps with resolution of 512 × 512 resolution. 20,000 frames extracted from 4 moving images which consist of 6,400 frames were separated into images of particles and background; the former ones were analyzed by using PIV (Particle Image Velocimetry; Library FlowVec32). Despite the abovementioned countermeasure, light was reflected at the interface between the water and inner pipe wall and this reflected light was also recorded with the visualized flow pattern [ Fig. 4 (a) ]. Since pixels capture the intensities of particles when a particle occupies the pixel's position, while they capture the background intensity when there is no particle at that position, each pixel most often captures the background intensity. Accordingly, before PIV, the background image was obtained by combining the pixel outputs having the most frequent intensity [Fig. 4 (b) ]. Then the background was removed from the original image by replacing the intensity matching with background intensity with a value of almost zero [Fig. 4 (c) ].
Definition of loss coefficient
The equation of energy conservation between the position in the fully developed region of pipe i (= 1, 2) and pipe 3 is given by
where λ i is the friction factor of fully developed region of pipe i (= 1, 2, 3) and is a function of the pipe's Reynolds number Re i = U i D/ν. In this study, it can be calculated by using Brasius' equation, except for pipe 2 in the case of α = Q 1 /Q 3 = 1.0.
In addition, ζ i3 denotes the loss factor between pipes i (= 1, 2) and 3. Dividing by ρU 2 3 /2 after subtracting the reference pressure p 0 from Eq. (1), its non-dimensional form is obtained as follows where α i and C p are flow rate ratio Q i /Q 3 and pressure coefficient, respectively. The pressure coefficient is defined as
An outline of the non-dimensional pressure distribution is shown in Fig. 5 . The horizontal axis corresponds to the position along the axes of pipe 3 x/D or pipes 1 and 2 y/D and the vertical axis corresponds to the pressure coefficient C p . The curve in the region y/D < 0 shows the distribution in pipe 1, and the upper and lower curves in the region x/D, y/D > 0 show the distributions in pipes 2 and 3, respectively. Using friction factors, the pressure distributions in the fully developed region of pipes 1, 2, and 3 are given by the following equations.
where C pi0 (i = 1, 2, 3) is the intercept of the linear pressure distribution in pipe i on the vertical axis (Fig. 5) , and it is evaluated by the least squares of the pressure distributions in the fully developed region of each pipe. After substituting (y, C p ) = (y i , C pi ) (i = 1, 2) and (x, C p ) = (x 3 , C p3 ) into Eqs. (5), C pi is eliminated from Eq. (3) by using these equations. Then, the loss factors between i (= 1, 2) and 3 are obtained as follows.
where
To calculate the power loss of T-junction Q 3 ζρU 2 3 /2, the products of Q i ρU 2 3 /2 and ζ i3 for i = 1, 2 are added. Then, the loss factor ζ can be described by
Using the flow rate ratio of pipe 1, α = α 1 [α 2 = (1 − α)], we can rewrite Eqs. (6) and (7) as follows.
The purpose of this study is to reduce the loss factor, ζ. Hereinafter, we use the symbol α for the flow rate ratio. Figure 6 shows the change in reduction rate of loss factor (ζ 0 − ζ)/ζ 0 versus the flow rate ratio α, where ζ 0 is the loss factor in the case without any small obstacles. The triangles, squares, and circles show results in the cases of obstacle . Then two regions of vortex or low-speed were formed on the wall of pipe 3, and it is seems that these regions caused a large flow resistance or loss. On the other hand, in the case with small obstacles [ Fig. 7(b), (d) ], both separated flows from the corners of small obstacles passed the corner with a smaller angle of about 36 degrees, and flowed about 0.2D away from the walls of pipe 3. The separated vortex regions or lower speed regions on the wall of pipe 3 were made smaller than in the case without small obstacles or were almost suppressed. We think that this is the cause of the loss reduction. In the case of α = 0.5 without obstacles, we observed that there were reverse-flow regions with heights of D/8 at x/D = 0.84. At x/D = 1.08, u/U 3 had a value of almost 0 in the region −0.5 ≤ y/D < −0.25. In these vortex or low speed regions, it is presumed that there were backward flow accompanied by flow separation. However, there were forward flow near the wall of pipe 3. In these region, there were tracer particles lesser than the main flow, and then the particle in the secondary flows above and below the plane at the center height (z = 0) were relatively more visible. Thus, we think that particles in that secondary flow affected on the PIV results and the forward flows in the vortex or low-speed region were observed. On the other hand, u/U 3 increased in these regions, and the reverse-flow regions were suppressed in the case with obstacles. The separated flows from small obstacles passed near the junction corner at lower angle than the case without obstacles, and the flows near the wall of pipe 3 flowed along that wall. As a result, the height of vortices which do not contribute the effective cross-sectional area of the flow in pipe 3 were suppressed or made small. However the flow pattern which is made clear in this study is in plane of center height only, we think that this is the cause of the loss reduction achieved by mounting obstacles.
Results and discussion
In the cases of α = 0.8 and 1.0 without obstacles, the height of the reverse-flow region or low speed region on the left wall (y/D = −0.5) reached almost 0.5D, and most of the flow flowed through the right half (x/D > 0) of pipe 3. In the case with obstacles, the velocity in the reverse-flow or low speed region on the left wall increased, but the flow of the region in the right half hardly changed. In the case of α = 0.5, the pressure distributions in pipes 1 and 2 were symmetric about the axis of pipe 3. In the region of |y/D| > 5 (pipes 1 and 2), the pressure decreased with decreasing |y/D| because of friction loss in both cases: with and without obstacles. By contrast, the pressure increased with decreasing |y/D| in the region of |y/D < 5| and took the maximum value at the junction center y/D = 0 because of the collision of flows in the case without obstacles. On the other hand, in the cases with obstacles, the pressure had a smaller value near the obstacles than in the case without obstacles because of flow acceleration. The pressure decreased suddenly just after the junction (pipe 3) and decreased linearly again. In the case with obstacles, the pressure in pipe 3 was larger than in the case with obstacles and increased with increasing H/D, because of reduction of the height of vortex or low-speed regions (Fig. 10) . Especially in the case of H/D = 0.3, the pressure in pipe 3 increased more than the other conditions of H/D.
In the case of α = 0.8, the tendency of the pressure distribution in pipe 1 was not changed from the case of α = 0.5. The pressure in pipe 2 decreased with decreasing H/D, which corresponds to decreasing pressure difference between pipes 2 and 3, ∆C p23 . However, this does not influence ζ greatly because pressure difference ∆C p23 is mostly composed of the part caused by flow acceleration [Eq. (9) , −(2α − α
2 )] and the rate that accounts for ζ 23 of ζ is small in the case of a high flow rate ratio [Eq. (10) (Fig. 10 ).
In the case of α = 1.0, the pressure in pipe 2 decreased with decreasing H/D much more than in the case of α = 0.8. But this does not influence ζ at all [Eq. (10) ]. In pipe 3, the pressure decreased with increasing H/D. It is thought that because the reduction of height of vortex or low-speed region from the case without obstacle was almost same for 
Loss and its reduction
The effects of flow rate ratio α on the loss coefficients between pipe 1 and 3 ζ 13 and between pipe 2 and 3 ζ 23 are shown in Fig. 13 . Loss coefficients ζ 13 and ζ 23 took same value at flow rate ratio α = 0.5 because of symmetric flow condition. And they decreased with increasing H/D because of the increase of vortex or low-speed regions near the junction corners (Fig. 10) . Additionally, the primary loss coefficient, ζ 13 increased and secondary one, ζ 23 decreased with increasing flow rate ratio α. But there were exceptional cases of ζ 23 for α < 0.8 without obstacles and for 0.667 < α < 0.8 with obstacles of H/D = 0.3. Especially in the case of H/D = 0.3, ζ 13 increased a lot and took a larger value at α = 1.0 than the case without obstacles. In the cases of α ≥ 0.8, however the heights of vortex or low-speed regions became smaller, the loss ζ 13 became larger or little smaller than the case without obstacle. It is thought that it is caused of increased loss with the drag of obstacle in the pipe 1 accompanied by increasing flow rate in pipe 1. The reduction rate of loss factors from the case without obstacles are plotted against (ζ 0 − ζ)/ζ 0 (ζ 0 : loss factor in the case without obstacles) in For all H/D conditions that we examined, the reduction rate of ζ took the maximum value at some flow rate ratio α, and then it decreased with increasing flow rate ratio. In the case of H/D = 0.30, the loss was the most reduced by a maximum of about 32% at α = 0.5 because the reverse-flow or low-speed regions on the walls of pipe 3 were suppressed by the obstacles in this condition. But the reduction rate of ζ took a negative value of −13% at α = 1.0 in this case of H/D.
In the cases of H/D = 0.20 and 0.25, the loss factor was reduced by ζ for all flow rate ratios (0.5 ≤ α ≤ 1.0). The obstacle with H/D = 0.25, which reduced the loss factor by the maximum in the case of α = 0.8, achieved the second largest reduction in loss factor after the obstacle with H/D = 0.3. Moreover, this obstacle also came second in loss factor reduction to the obstacle with H/D = 0.2 in the case of α = 1.0 and reduced by an average of about 15% for all flow rate ratios.
The obstacles of H/D = 0.2 cannot reduce the heights of vortex or low-speed region as well as taller obstacles, but the obstacles having this height make the loss caused by the drag of obstacles smaller than taller obstacles. Especially in the case of high flow rate ratio for which the speed of flow and loss due to drag of obstacle in the pipe 1 are large, the loss ζ cannot be reduced by taller obstacle. We think that this is a cause that the loss is most reduced by using of the obstacle of H/D = 0.2 in the case of α = 0.1.
Conclusion
We clarified that the flow resistance in a T-junction pipe can be reduced for a wide range of flow rate ratio by mounting small weir-shaped obstacles onto the pipe walls upstream of the corner. Our main results are presented below.
( 1 ) In the case of obstacles with H/D = 0.30 mounted at L/D = 0.47, the height vortex or low-speed region on the wall of pipe 3 became smaller; therefore, loss factor ζ was reduced by a maximum of about 32% at flow rate ratio of α = 0.5. But this condition of obstacle made the loss coefficient increase for higher flow rate ratio. The loss coefficient increased by 13% in the case of α = 1.0.
( 2 ) In the case of obstacles with H/D = 0.25 at L/D = 0.47, the loss factor ζ was reduced by 17-22% for flow rate ratio of 0.5 ≤ α ≤ 0.8. However the reduction rate of ζ was reduced rapidly for α > 0.8, ζ is reduced by 4% at α = 1.0. Additionally, ζ was reduced by a maximum of about 17% by obstacle of this condition in the case of α = 1.0.
( 3 ) In the case of obstacles with H/D = 0.25 at same positions, the loss coefficient ζ was reduced by 6% at flow rate ratio of α = 1.0. In this obstacle condition, the loss reduction ratio hardly changed for 0.5 ≤ α ≤ 1.0, but loss factor was reduced by a maximum about 6% at α = 1.0.
